Abstract Background: Percutaneous epiphysiodesis using transphyseal screws (PETS) has been associated with implant failure, implant prominence, angular deformities, and delayed growth inhibition. Questions/Purposes: The aim of this study was to assess the complication rate and efficacy (defined as actual growth inhibition divided by expected growth inhibition) of PETS and to identify factors associated with improved efficacy. Methods: Patients who underwent distal femoral and/or proximal tibial PETS between January 2007 and June 2014 were identified. Complications, efficacy, and final limb-length discrepancy (LLD) were calculated using multipliers and inhibition rates based on previous growth. Associations between efficacy and screw insertion angle (SIA), body mass index, and number of threads crossing the physis were calculated. Results: Eight-two patients (126 treated physes) were included. The mean pre-operative LLD was 27.7 mm (SD = 7.5). Following epiphysiodesis, 15 had temporary pain (18%), five had temporary effusion (6.1%), four had broken implants (4.9%), four developed mild angulation (4.9%), and three had failed epiphysiodesis requiring revision (3.7%). Thirty-one underwent screw removal (n = 31, 38%). Mean LLD at maturity was 17.3 mm (SD = 5.8 mm). Mean efficacy at the distal femur was 97% (SD = 46%), at the proximal tibia was 108% (SD = 66%) and was 103% (SD = 57%) overall. Increased screw threads across the lateral proximal tibial physis (Spearman's correlation coefficient = 0.67; 95% CI = 0.40-0.94) and higher BMI (Spearman's correlation coefficient = 0.55; 95% CI = 0.34-0.77) were positively associated with increased efficacy. Conclusions: The efficacy of PETS may be more favorable than previously reported. Only 3.7% had serious complications requiring revision epiphysiodesis, lower than previous reports. Attention to sufficient screw threads across the physis may be important in optimizing PETS results.
Introduction
Limb length discrepancy (LLD) is a common cause for referral to pediatric orthopedic surgeons. Etiologies may be congenital such as hemihypertrophy, fibular, tibial or femoral deficiencies, or developmental such as growth arrest secondary to trauma or infection [9] . Small differences in limb length often go unnoticed and are generally welltolerated but beyond the threshold of 2 cm, discrepancies begin to alter gait and muscle physiology and may be associated with pelvic obliquity, structural and non-structural scoliosis, hip or knee pain, and knee arthritis [10, 12, 22, 25] . Predicted LLDs at maturity of less than 2 cm are not treated, while LLDs between 2 and 5 cm are typically treated with epiphysiodesis [7] . Epiphysiodesis ablates or tethers the growth plate of the long limb in skeletally immature patients with the goal of achieving an overall LLD of less than 2 cm at skeletal maturity [2, 5, 19] .
Percutaneous epiphysiodesis using transphyseal screws (PETS) is a minimally invasive technique with minimal post-operative activity restrictions [14, 16, 18] . PETS for epiphysiodesis has increased since its introduction in 1998 [16] . Efficacy (actual growth inhibition divided by expected growth inhibition) has been reported at 66-79% [14, 23] . Some authors recommend treatment 6 months to 1 year before predicted optimal surgical timing to account for a hypothesized delay in growth arrest seen with this technique [14, 23] . Complications including recurvatum, valgus deformities, and need for revision surgery are not uncommon, occurring in 18% of patients in one series [14, 15] . The rate of screw removal is variable but has been reported as high as 60% [14] . Due to the development of tibial valgus angular deformity, some authors have cautioned against the use of PETS in the proximal tibia [14] . At our tertiary care orthopedic hospital, we have extensive experience with PETS and anecdotally have not found the same lack of efficacy or negative sequelae that have been reported in recent literature.
We hypothesize that within our patient population, complication rates are lower than previous reports, and the efficacy of PETS is similar to previous reports on efficacy of drill and curettage epiphysiodesis. A previous report [23] showed that a more vertical screw insertion angle was associated with improved efficacy of epiphysiodesis. Although not previously evaluated in the context of screw epiphysiodesis for LLD, the number of screw threads across the physis was found to be important in successful treatment of SCFE, screw epiphysiodesis of the proximal femoral physis [26] . Body mass index (BMI) has been hypothesized as a factor in hemi-epiphysiodesis failure [13] , but has not been evaluated as a factor related to efficacy of epiphysiodesis. Based on these previous studies, we elected to evaluate these factors in the efficacy of epiphysiodesis.
The primary aim was to assess the efficacy (actual growth inhibition divided by expected growth inhibition) of PETS by calculating the expected growth inhibition and measuring pre-and post-operative LLD, providing actual growth inhibition. The second aim was to determine the proportion of patients having any form of complication or sequelae and to report the types and frequencies of these complications. The final aim was to determine through regression analysis, if efficacy was associated with screw insertion angle, the number of screw threads crossing the physis, or BMI.
Patients and Methods
Institutional review board (IRB) approval was obtained and a search of Current Procedural Terminology Version 4 (CPT-4) billing codes was conducted to identify a consecutive series of patients who underwent distal femoral and/or proximal tibial PETS between the January 2007 and June 2014 inclusive, such that all patients would have minimum 1 year follow-up. The CPT codes used to identify patients were as follows: 27475 (arrest, epiphyseal, any method, distal femur), 27477 (arrest, epiphyseal, any method, tibia and fibula, proximal), 27479 (arrest, epiphyseal, any method, combined distal femur, proximal tibia and fibula), 27740 (arrest, epiphyseal, any method, combined, proximal and distal tibia and fibula), and 27742 (arrest, epiphyseal, any method, combined, proximal and distal tibia and fibula, and distal femur). Patients were excluded if they were lost to follow-up prior to 1 year follow-up, if they underwent concomitant ipsilateral lower extremity procedures at the time of PETS, or if pre-operative imaging was performed at an outside hospital and not available for review (Fig. 1) . The surgical technique used for PETS has been previously described [16] . Stainless steel, fully threaded, cannulated, 6.5-or 7.3-mm screws were used in all cases.
Demographic and clinical information was collected from radiographic images stored on our institution's electronic Picture Archiving and Communications System (PACS) and electronic and paper medical records. Collected data included chronological age at the time of surgery, bone age at the time of surgery, sex, BMI, underlying diagnosis, and additional procedures performed on the ipsilateral or contralateral leg before or after PETS. Radiographic parameters were measured pre-operatively and at skeletal maturity and at every subsequent visit that imaging was obtained. Efficacy and final LLD were calculated from measurements taken pre-operatively and at skeletal maturity. Tibial length, femoral length, total leg length, mechanical lateral distal femoral angle (mLDFA), and mechanical medial proximal tibial angle (MPTA) were measured on imaging from pre-operative and post-operative visits. Measurements were made in duplicate (E.L., E.D.). Efficacy and final LLD were calculated using standard equations (Table 1) , based on imaging from the pre-operative visit(s) and from imaging at skeletal maturity. Complications associated with PETS were recorded including broken implants, the need for revision surgery, and the development of an angular deformity in the coronal plane ≥5°relative to pre-operative distal femoral (mLDFA) or proximal tibial (MPTA) angles. Sequelae such as post-operative pain at the knee or surgical site and knee effusion were also recorded. The rate of screw removal was noted. Etiologies for limb length discrepancy were classified as 
Δ m = predicted discrepancy at maturity Δ = discrepancy at a certain age (i.e. at pre-operative appointment) Δ = discrepancy at a certain age (i.e. at pre-operative appointment) M = age-specific multiplier [20] i = growth inhibition
B s = short bone at time point 2 B_ s = short bone at time point 1 B L = long bone at time point 2 B_ L = long bone at time point 1 G = growth remaining = L(M-1) L = length of bone at specific age M = age-specific multiplier [20] congenital or developmental (acquired such as post-traumatic, infectious, iatrogenic, or unknown). Although complications could be assessed regardless of image calibration, the calculation of efficacy required highquality, calibrated images so that measurements made at different time points could be accurately compared. At our institution, imaging for patients with LLD has changed over time. Plain X-ray or CT scanogram were used initially while EOS low-dose biplanar X-ray has been the standard for the last 5 years. Patients were excluded from efficacy calculations if image calibration was inadequate. Specifically, if a patient's imaging was not obtained by a consistent modality, e.g., some studies performed with plain X-ray, and others with CT scanogram or EOS, these were excluded from efficacy calculations as magnification differences inherent with these techniques made it impossible to accurately track changes in growth over time. Some patients had pre-or postoperative imaging performed at an outside institution where images were not archived in PACS and thus not available for analysis. Patients with developmental growth disturbance require two sets of pre-operative images in order to determine their unique rate of growth inhibition, typically 6 months apart. Patients with developmental growth disturbance who did not have two sets of calibrated pre-operative imaging were also excluded. Exclusion numbers and reasons for exclusion from the efficacy calculation are reported ( Fig. 1 ). Left hand radiographs were routinely obtained for each patient pre-operatively and skeletal age was determined based on the method described by Greulich and Pyle [11] .
Expected future growth can be calculated using chronologic or bone age. As the original Paley multiplier technique was developed with chronologic age [20] , and multiple previous studies on epiphysiodesis have performed calculations using chronologic age [17, 20] , we selected chronologic age for this study primarily for ease of comparison to previous work. Expected bone segment length at maturity was calculated in two ways depending on the etiology of the deformity. Etiology was assessed by careful review of medical records. For patients with congenital deformities, in which the length discrepancy is proportional throughout growth, predicted LLD was calculated using the multiplier method (Table 1 ) and the original multiplier tables developed by Paley et al. [20] . For those with developmental etiologies, in which the length discrepancy may not remain proportional throughout growth, a different set of equations was used that required the measurement of bone segment lengths at two pre-operative time points in order to establish the unique rate of growth inhibition for each individual (Table 1 ). In two developmental cases, the LLD was greater than 2 cm pre-operatively but was static over time. The rate of inhibition (i) was assigned a value of zero.
PETS cases identified using billing records (n = 101 patients) Actual growth was determined using calibrated imaging from pre-operative appointments and at the time of skeletal maturity. Efficacy was calculated using the following equation where g is 0.71 for the distal femur and 0.57 for the proximal tibia [14, 20] .
Efficacy ¼ Predicted bone segment length without intervention -Final bone segment length Predicted bone segment length without intervention -Initial length ½ Â g Anteroposterior view (α) and lateral view (β) screw insertion angles were measured on intraoperative fluoroscopic images to calculate an overall screw insertion angle (δ) as described by Song et al. (Fig. 2) [23] . For both the medial and lateral screws, the number of screw threads crossing the physis was counted. The total number of screw threads was calculated by adding the number of medial and lateral screw threads across the physis (Fig. 3) . A non-parametric Spearman's correlation coefficient was calculated in order to evaluate whether overall screw insertion angles (δ) of the screws crossing the lateral tibial and femoral physes, the overall insertion angles (δ) of the screws crossing the medial tibial and femoral physes, the BMI, and the thread number crossing the medial and lateral femoral and tibial physes were associated with efficacy for each bone segment.
The final LLD was measured only for the subset of patients who had available calibrated images and followup to skeletal maturity and did not have procedures other than epiphysiodesis on the operative limb or a lengthening or other procedure on the contralateral limb (Fig. 1) . LLD at maturity was reported as both a distance and as a percentage of the longer limb. Limb length correction and final LLD were measured based on calibrated hip to ankle imaging obtained pre-operatively and at the time of skeletal maturity.
Statistical analysis consisted of Spearman rank correlation coefficients as well as descriptive statistics including means with standard deviations. The level of significance was set at 0.05. All analyses were performed using Statistical Analysis Software 9.3 (SAS®, Cary, NC, USA).
Results
Eighty-two patients were included in this analysis. Sixtyfour patients underwent distal femoral epiphysiodesis (21 in isolation, 43 as part of combined procedure) and 61 patients underwent proximal tibial epiphysiodesis (18 in isolation, 43 as part of combined procedure). The mean chronological age of females at the time of surgery was 12.0 years while the mean bone age was 13.2 years ( Table 2 ). The mean chronological age of males was 13.8 years and the mean bone age was 13.9 years. The mean efficacy for the distal femur was 97% (SD = 46%), for the proximal tibia was 108% (SD = 66%), and was 103% (SD = 57%) overall (Table 3 ). The measurements used to calculate efficacy were pre-operative LLD, predicted LLD without treatment, and actual post- operative LLD at maturity. The mean pre-operative LLD was 27.7 mm (range 18.0-41.0 mm, SD = 7.5 mm), and the mean predicted LLD at maturity without treatment was 31.6 mm (SD = 8.8 mm). The mean LLD at skeletal maturity was 17.3 mm (SD = 5.8 mm) for a total of 14.3 mm of Bprevented^LLD. The mean final LLD showed the shorter limb to be 2.1% (SD = 0.7%) shorter than the longer limb.
Complications including broken implants, angulation change, and revision epiphysiodesis were observed in 4 (4.9%), 4 (4.9%), and 3 (3.7%) patients, respectively. Breakage of implants occurred at 2-3 years post-implantation. Only three patients (3.7%) experienced a failure of epiphysiodesis and required revision epiphysiodesis. Revision epiphysiodesis was performed at 3 years for two of the patients and at 1 year for the third. Short-term sequelae such as temporary effusion and knee pain occurred in 15 patients (18%) and five patients (6.1%), respectively. Typically, short-term sequelae resolved within a month of surgery. Of the 31 patients who underwent removal of implants, 22 (71%) were removed electively, in the absence of symptoms or complications ( Table 4) .
The independent effect of variables including screw insertion angle, number of screw threads crossing the physis, and BMI on overall efficacy was evaluated. The mean screw insertion angles of the screws crossing the medial physes, the lateral physes, and combined physes are reported ( Table 5 ). The means and standard deviations for the number of screw threads crossing each physis are reported (Table 6 ). Increased number of screw threads across the lateral physis of the proximal tibia (Spearman's correlation coefficient = 0.67; 95% CI = 0.40-0.94) and higher BMI (Spearman's correlation coefficient = 0.55; 95% CI = 0.34-0.77) were positively associated with increased efficacy. The number of screw threads across the medial tibial physis, across either the lateral or medial femoral physis, and screw insertion angles were not associated with efficacy (Table 7) .
Discussion
The primary purpose of this study was to evaluate the efficacy and rate of complications associated with PETS at a high-volume tertiary care center. Of the 82 patients (126 physes) included in this analysis, only 3 (3.7%) had failed epiphysiodesis. Post-operative knee pain and effusion were transient, mild, and expected. Mean efficacy was 103%.
Contrary to past reports, we found an efficacy of approximately 100% for both the distal femur and proximal tibia. The higher efficacy seen in our cohort may potentially be due to a difference in screw position, or some other factor. Monier et al. recently reported on variations in predicted and actual growth inhibition with screw epiphysiodesis and found that the Paley method resulted in the most accurate prediction [17] . The efficacy calculation is greatly tied to expected growth. If expected growth is under estimated, efficacy may be under estimated. In this study, we meticulously categorized patients as congenital versus developmental and only applied congenital growth equations to congenital cases, while developmental or unknown causes were treated with the developmental formulas in which two previous sets of images were used to calculate future growth and the rate of inhibition. Past studies have often referred simply to the multiplier method being used to calculate expected LLD and did not specify whether cases were treated based on congenital or developmental etiologies. Efficacy will be higher than calculated if future growth (and therefore inhibition of future growth) is greater than expected. Thus, if our population happened to be Blate bloomers^with more growth remaining than typical for their age, they would have greater growth inhibition (a larger numerator), and this could potentially explain our somewhat greater efficacy.
We found that higher BMI was associated with increased efficacy. One can only hypothesize on why this may be the case. Children with elevated BMI typically have advanced bone age [6] , meaning that based on chronologic age, they have less growth remaining than expected, and as such should have lower efficacy. One reasonable hypothesis is that in obese patients, the physis is more susceptible to being tethered, as it may already be struggling to grow due to excess compressive forces, the Heuter Volkmann principle [3] .
Our patients experienced considerably lower rates of complications than those in previously published studies. Within our cohort, only three (3.7%, 1 distal femur, 2 proximal tibias) patients required revision surgery, and only 4 (4.9%) patients had a lateral distal femoral or medial proximal tibial angle change of 5°or greater following treatment, none of which were deemed severe enough to require treatment. Although data is limited, prior authors have noted revision rates of up to 18% and coronal plane deformities of up to 20% [14, 18] . Some of these issues may have been associated with surgical technique or screw design. The use of large diameter, stainless steel screws with careful attention to the placement of sufficient threads across the physis may have led to the lower rates of angular deformity and failure in this series. Thirty-one patients (38%) in our cohort underwent screw removal, the majority of which were elective and not due to pain or other symptoms, much lower than other reports that describe screw removal rates of up to 60-82% [14, 23] . The difference in screw removal rates may be related to regional preferences for routine screw removal.
Prior studies on PETS reported variable complication rates and clinical outcomes [1, 9, 14, 15, 18] . The most common complications reported were angular deformity, screw failure with ongoing growth, and the need for revision surgery [1, 14, 15] . In 2012, Ilharreborde et al. reported their experience with 45 patients and showed a mean efficacy of only 66% at skeletal maturity for both the distal femur and the proximal tibia [14] . They also reported an 18% revision rate, with 7 of 8 revisions addressing failure of growth arrest in the proximal tibia and the development of valgus alignment. Song et al. published somewhat more favorable results in 2015 after reviewing 59 patients, demonstrating an efficacy of 76% for the distal femur and 79% for the proximal tibia [23] . Their analysis also described a method of quantifying a three-dimensional screw insertion angle and reported that it correlated significantly with efficacy. Unlike Song et al., we did not find a positive association between efficacy and screw insertion angle.
LLD at maturity (excluding patients with ipsilateral additional procedures or lengthening on the contralateral side) was 17.3 mm. At our center, we have traditionally aimed for a LLD of <2 cm, not zero, in order to avoid overcorrection which would cause the longer limb to become the shorter limb. We aim to preserve height as much as possible. Of the 82 patients included in this study, only four experienced a reversal of their LLD in which the long limb became the shorter following epiphysiodesis.
This study has a number of limitations. First, we acknowledge that while our rates of complications are lower than those previously reported, our cohort of 82 patients was not large enough to make broad safety recommendations. Additionally, although all 82 patients were included in the calculation of complications, a large number of our patients had to be excluded from efficacy and final LLD calculations. As many patients at our center are referred from other institutions, many lacked a full set of calibrated images due to pre-operative imaging performed at outside institutions and not catalogued at our institution. In the beginning of our study period, some patients were examined with uncalibrated plain X-rays, long cassette X-rays, or X-rays on multiple cassettes stitched together. It has been documented that length measurement error on Xrays can be as high as 4.2 cm due to parallax [8] . Even with a calibration ball or ruler, we found that parallax and magnification were unpredictable on plain X-rays and the images were not acceptable for study inclusion. At our institution CT scanogram then became the gold standard for assessing LLD, and in the past 5 years, length measurements have been performed primarily on EOS low-dose biplanar X-ray. Although patients that lacked calibrated imaging could not be included in our assessment of efficacy or LLD, they were included in our assessment of complications. A large proportion of our cohort underwent additional surgical procedures that manipulated length, excluding them from efficacy and final LLD analysis. Second, given that calibrated images were not available at standardized time points post-operatively, we were unable to assess at which post-operative time point PETS resulted in physeal growth arrest, a subject that has been a topic of previous studies [14, 23] . Third, we acknowledge that a minimum follow-up of 1 year cannot capture all potential complications; however, we believe that the majority of complications of interest (failure of epiphysiodesis) would be identified within a year of surgery.
Fourth, error can be generated based on the method used to estimate future growth and growth inhibition. For congenital cases, we used chronologic age and multipliers developed by Paley et al. [20] , the same technique used in multiple previous assessments of PETS [14, 15, 17, 18] , while for developmental and unknown cases we used chronologic age, multipliers, and calculated rates of inhibition from two pre-operative sets of images. In a sub-analysis we evaluated the effect of using bone age and more detailed multipliers specific to the year plus months of age [21] and found that this resulted in efficacies approximately 10% greater than using chronological age and the original multipliers. This difference highlights the importance and influence of the specific methodology for calculating expected growth, growth inhibition, and efficacy. Due to limitations inherent in growth prediction, the efficacy reported here includes some degree of error. Fifth, we acknowledge that due to undulation of the physis or X-ray projection, the reported number of screw threads across the physis may be a slight under-or overestimation of true threads across the physis. Sixth, we assumed that for developmental cases, the rate of growth inhibition remained constant over time. In fact, in developmental cases sometimes the rate of growth inhibition actually increases over time (i.e., growth is inhibited at a certain rate, and then growth ceases entirely). If increased growth inhibition occurred over time in some developmental cases, then we may have underestimated the expected LLD, resulting in an underestimation of efficacy.
Finally, although we diligently assessed each case and assigned a congenital cause only when we felt confident of the etiology, it is possible that despite our best efforts, some cases were misclassified. If congenital formulas are applied to developmental cases, there is a risk of underestimating the expected LLD, again resulting in underestimation of efficacy. We carefully assessed each case in order to determine whether the etiology was developmental or congenital so that we could use the etiologically appropriate formula. It is not clear whether all previous studies on epiphysiodesis were similarly diligent in this respect, as typically past publications have simply referred to using the multiplier method and did not specify whether different formulas were used for congenital versus developmental cases. If this is the case, it could explain why efficacy was greater in our series than in previous publications [1, 4, 14, 24] .
In conclusion, the results of this study support the high efficacy of PETS and the concept that efficacy may be influenced by both surgical techniques such as the number of screw threads across the physis and physiological parameters such as high BMI. Complications were few, while a good number of patients had expected mild pain and swelling in the weeks following surgery or went on to have screw removal. The efficacy, complication rates and cost of PETS compared to the alternative, drill, and curette technique would best be evaluated using a prospective study design in order to allow for control of both patient selection and to optimize collection of relevant data points. Further prospective studies are needed to determine the optimal timing of PETS and to more accurately define efficacy and complication rates. 
